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Polarimeters based on the Cotton-Mouton effect hold promise for electron density measurements.
We have designed and installed a Cotton-Mouton polarimeter on the Compact Helical System. The
Cotton-Mouton effect is measured as the phase difference between probe and reference beams. In
this system, an interferometric measurement can be performed simultaneously with the same probe
chord. The light source is a HCN laser �wavelength of 337 �m�. Digital complex demodulation is
adopted for small phase analysis. The line averaged density evaluated from the polarimeter along a
plasma center chord is almost consistent with that from the interferometer. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2229275�

I. INTRODUCTION

A polarimeter for electron density measurements in mag-
netically confined plasmas is expected to be robust even in a
high-density range. The reasons are as follows. It is free from
fringe jump errors and is immune to the effects of mechani-
cal vibrations, which degrade the reliability and resolution of
an interferometer.

There are two types of polarimeters, based on the Fara-
day and on the Cotton-Mouton effect, respectively. These
two magneto-optic effects depend, respectively, on the mag-
netic fields parallel and perpendicular to the propagation di-
rection of an electromagnetic wave in a plasma. Therefore,
one of them is chosen according to the beam path. In the case
of the electron density measurement in a plasma center chord
in a poloidal cross section, only the Cotton-Mouton polarim-
eter is available; the Faraday effect is too small, due to the
absence of a magnetic field component parallel to the beam
path. On the other hand, polarimeters based on the Faraday
effect are usually applied for tangential measurement.1–3

Although a Cotton-Mouton polarimeter has recently
been developed4–6 and is proposed for the International Ther-
monuclear Experiment Reactor �ITER�,7 its applications are
fewer than those of Faraday polarimeters. We have devel-
oped a Cotton-Mouton polarimeter using a HCN laser
�wavelength of 337 �m� on the Compact Helical System
�CHS�.8 The method of measuring the Cotton-Mouton effect
as a phase difference is adopted. It is insensitive to amplitude
variations of detected signals due to oscillation instabilities
of the laser and beam refraction in the plasma. Here, in order
to assess the accuracy and measurement errors of the Cotton-
Mouton polarimeter, it is combined with an interferometer
that can operate simultaneously using the same probe beam.

II. SYSTEM DESIGN

A. Theoretical and numerical estimation

For the description of the polarization state and evolu-
tion in magnetized plasmas, Stokes vector s and plasma
Mueller matrix M are introduced here.9 The following
differential equation describes the evolution of the polariza-
tion state �electromagnetic wave propagates along the z
direction�:

ds�z�
dz

= ��z� � s�z� , �1�
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and �0 is the permittivity, c is the light speed, � is the wave-
length of the electromagnetic wave, me and e are the mass
and the charge of an electron, and Bx, By, and Bz are compo-
nents of the magnetic field. The Cotton-Mouton effect corre-
sponds to the first and the second components and the Fara-
day effect the third. Putting s in the form

s�z1� = M�z1�s�z0� �3�

and considering the symmetry of the magnetic field along the
vertical propagation �the z direction� in a poloidal cross sec-
tion �the y direction corresponds to the toroidal direction�,
we obtain
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M�z1� � 	 1 − �W3 − W21� W1W3/2

�W3 − W21� 1 − �W1 − W32�
W1W3/2 �W1 − W32� 1


 ,
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where
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z0

z1

dz� j�z�, Wjk = �
z0

z1

dz� j�z��
z0

z

dz��k�z�� .

Note that this is the approximate solution of M when W1
2

�1, W3
2�1 �W2=0 from up/down symmetry�, namely, when

the Faraday and Cotton-Mouton effects are small.
For the phase measurement of the Cotton-Mouton effect,

probe and reference beams whose polarization states are
modulated with a frequency of �b �Ref. 9� are used. As
shown in the next section, the beam consists of orthogonally
and linearly polarized beams with a frequency difference of
�b. The Stokes vector of such a beam is s�z0�
= �0,cos �bt , sin �bt�. Using Eq. �4� for M, the second com-
ponent of s�z1�, which shows a polarization state after pass-
ing through a plasma �probe beam�, becomes s2=cos �bt

− �W1−W32�sin �bt. By setting a polarizer with the transmis-
sion angle � /4 at the x direction in front of a detector, the
following detected signal I is obtained:

2I/I0 = 1 + s2 = 1 + cos �bt − �W1 − W32�sin �bt

� 1 + C cos��bt + tan−1�W1 − W32�� ,

where I0 is the intensity of the entering beam and C is a
constant.

In addition to the Cotton-Mouton effect W1, the phase of
the detected signal contains an error term W32 for the density
evaluation. Figure 1 shows the distributions of the magnetic
field components in the vacuum configuration, the typical
electron density profile, and � for a wavelength of 337 �m
along the plasma center chord in the CHS plasma. In this
calculation the position of the magnetic axis Rax is set at the
major radius of 92.1 cm, and the magnetic field strength at
the magnetic axis Bax is 1.96 T. A flat density profile is typi-
cal in a neutral beam �NB� heated plasma in CHS. Therefore,
the electron density profile is assumed to be 1.2�1020�1
−	8� m−3, with a line averaged electron density n̄e of 1
�1020 m−3 in the plasma center chord. Here, 	 is the nor-
malized magnetic flux radius. In this condition, W1=8.2°,
W2=0°, W3=1.8°, and W32=0.09°. W32 is only 1% of W1 and
is negligibly small although the Bx component is not small
due to the strong magnetic shear in CHS. Thus the Cotton-
Mouton effect can be estimated from the phase difference
between the probe and the reference signals.

The By component cannot be regarded constant along the
optical path shown in Fig. 1. Therefore, the line averaged
electron density evaluated from the polarimeter n̄e

CM is
weighted by the magnetic field, and the electron density in
the plasma center region is emphasized. In this article, as-
suming the flat density profile and the magnetic field men-
tioned above, n̄e

CM��1020m−3� is defined to be

n̄e
CM = W1/W1�ne = 1.2 � 1020�1 − 	8� m−3� = W1/8.2.

For example, in the case of a peaked density profile of 1.6
�1020�1−	2� m−3, whose n̄e is also 1�1020 m−3, W1 is 8.9°
and n̄e

CM is 8% larger than n̄e. Although n̄e
CM becomes slightly

different from n̄e accordingly, as the density profile changes,
it is supposed that n̄e

CM is sensitive to the behavior of the
central electron density.

B. Optical setup

Figure 2 shows the schematic illustration of the optical
arrangement on CHS. This is the combined system of the

FIG. 1. �Color online� Distributions of the magnetic field components, a
typical electron density profile, and components of � along a plasma center
chord in a CHS plasma �Rax=92.1 cm and Bax=1.96 T�. � is the calculation
results in the case of the wavelength of the HCN laser.

FIG. 2. �Color online� Schematic illustration
of the optical arrangement of the Cotton-
Mouton polarimeter combined with the in-
terferometer on CHS.
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Cotton-Mouton polarimeter and the interferometer. The basic
idea of the combination is almost the same as that of the
polarimeter proposed on W7-X.10 The light source is the
discharge-excited HCN laser,11 whose operational output is
about 100 mW �maximum of about 500 mW�. Though a
slightly longer wavelength is preferable for a good signal-to-
noise ratio in the polarimeter �W1 is proportional to �3�, a
HCN laser is selected for the suppression of the beam refrac-
tion, which leads to fringe jump errors in the interferometer.
Instead, complex demodulation combined with digital
filtering2,12 is adopted to improve the phase resolution.

The HCN laser beam is split into two beams with a
Mylar beam splitter and the frequency of one is shifted with
a super rotation grating.13 The frequency shift �b is 1 MHz
due to the high rotation speed �500 rps� of the rotating grat-
ing fabricated on the top of the magnetically floating rotor in
the turbo molecular pump. After rotating the plane of polar-
ization by � /2, two laser beams are combined with a wire
grid �diameter and spacing of wires are 5 and 12.5 �m, re-
spectively, Graseby Specac Ltd.�. In this way an elliptically
modulated beam is generated. The laser beam is transmitted
with waveguides �inner diameter of 47 mm� made of acrylic
resin to CHS. The total transmission efficiency is about 80%
�path length is about 15 m�. The beam is split into probe and
reference beams with a crystal quartz beam splitter, and they
are injected into the vacuum vessel through a crystal quartz
window. They are detected with Schottky barrier diodes
�SBDs, Farran Technology�. Since only the polarization com-
ponent parallel to a receiving antenna in the SBD is detected,
SBDs are tilted by � /4, and they obviate polarizers. After
passing through an analog bandpass filter and an amplifier,
1 MHz beat signals of the polarimeter’s probe and reference
are digitized at a frequency of 5 MHz. Then, complex de-
modulation is applied and the phase difference is extracted.
For the interferometric measurement, the probe beam is split
after passing through the plasma, and one polarization com-
ponent �the O mode� is selected with a polarizer. The trans-
verse polarization component is selected from the reference
beam and then they are combined. The 1 MHz beat signal is
obtained in the same way. The phase shift of the signal 
int

corresponds to the phase shift of the O-mode component in
the plasma. The phase shift is detected with a phase counter
made at the National Institute for Fusion Science �NIFS�.14

III. EXPERIMENTAL RESULTS

As pointed out in Refs. 5 and 15, multireflection be-
tween the detector and optical components �called “back-
talk”� causes spurious oscillations in the phase difference of
the polarimeter. In addition, electrical cross-talk between
beat signals of the polarimeter and the interferometer also
causes oscillations. The backtalk was reduced by inserting an
attenuation in front of the SBD because the multireflection
passed through it several times and became small. The elec-
trical cross-talk was improved by changing the electrical cir-
cuit in the bandpass filter. Figure 3 shows the standard de-
viation of the phase difference as a function of the response
time that is determined by the bandwidth of the digital band-
pass filter. For example, the standard deviations are about

0.50° and 0.17° �corresponding to �n̄e of 6.1�1018 and
2.1�1018 m−3� with response times of 0.32 and 3.2 ms, re-
spectively. The noises in the phase difference signal are at-
tributed to the frequency noises of the 1 MHz beat signal.
The frequency of the beat signal is slightly modulated with a
period equal to the rotation period of the grating of the SRG.
That is caused by the misalignment between the rotor axis
and the grating.12 To improve the resolution, it is necessary
to replace the grating or to adopt a twin laser system.

Figure 4 shows measurement results of the polarimeter
and the interferometer along the plasma center chord. The
combined interferometer works successfully and n̄e agrees
with that measured with the existing 2 mm wave interferom-
eter �not shown�. The result of the polarimeter is almost con-
sistent with that of the interferometer. The response time of
the polarimeter in Fig. 4 is 0.32 ms. However, there are still
slight differences between them. Possible reasons include
changes in the magnetic field due to a finite � effect, changes
in the electron density profile, and residual cross- and back-
talk components. In particular, n̄e

CM remains at zero in the
low but finite density range. Since n̄e

CM in the low-density
range sometimes seems to go negative, the first and the sec-
ond speculations cannot explain the discrepancy in the low-
density range. Though the third might seem the most pos-
sible at present, the frequencies of the residual oscillation are
rather small �about one-quarter� compared to those removed.
Therefore, the explanation based on cross- and backtalk re-
mains in question.

FIG. 3. Standard deviation of phase difference as a function of response
time, determined by the bandwidth of the digital bandpass filter.

FIG. 4. �Color online� Line averaged densities evaluated from the interfer-
ometer and the Cotton-Mouton polarimeter. The response time is 0.32 ms.
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IV. SUMMARY

We developed a Cotton-Mouton polarimeter with a HCN
laser on CHS. This system is combined with an interferom-
eter. The ellipticity of probe and reference beams is modu-
lated to measure the Cotton-Mouton effect as a phase
difference. The present standard deviation of density derived
from the polarimeter is 6.1�1018 m−3 with a response
time of 0.32 ms; the noises are mainly caused by beat fre-
quency noises. Measurement results of the polarimeter in a
plasma center chord show good agreement with those of the
interferometer.
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